Abstract. Recent studies suggest that aberrant expression of miR-24 is linked to various human cancers, including tongue squamous cell carcinoma (TSCC). F-box and WD-40 domain protein 7 (FBXW7), a tumor-suppressor gene, is responsible for the degradation of several proto-oncogenes. However, the function and mechanism of miR-24 and FBXW7 in TSCC remains unclear. In the present study, we found that miR-24 was increased in TSCC tissues and cell lines, and that upregulation of miR-24 was associated with advanced clinical stage and a shorter overall survival of TSCC patients. Inhibition of miR-24 significantly suppressed the proliferation, migration and invasion of TSCC cells in vitro. Furthermore, miR-24 repressed FBXW7 expression by directly binding to the 3-untranslated region of FBXW7. Moreover, the suppression of FBXW7 increased the proliferation, migration and invasion of TSCC cells, and the restoration of FBXW7 substantially attenuated the oncogenic effects of miR-24. In conclusion, our results demonstrated that upregulation of miR-24 was associated with tumor progression and poor prognosis in TSCC patients, and that overexpression of miR-24 was correlated with the proliferation, migration and invasion of TSCC cells in vitro, at least partially through regulation of its functional target FBXW7. Thus, miR-24 may serve as a novel potential biomarker for the prognosis of TSCC patients.
Introduction
Oral squamous cell carcinoma (OSCC) is one of the leading malignancies worldwide (1, 2) . Tongue squamous cell carcinoma (TSCC) is the most common type of oral cancer and is known for its high rate of proliferation and nodal metastasis (3) . According to the American Cancer Society, an estimated 13,590 new cases of tongue cancer were diagnosed in 2013, accounting for approximately 30% of all oral cavity and pharynx cancers, with an estimated 2070 deaths (4) . Even with recent advances in its treatment, the 5-year survival rate remains at ~50% (5) . Although attempts have been made to identify the molecular pathways that contribute to the carcinogenesis and progression of TSCC, the mechanisms underlying TSCC progression are poorly understood.
MicroRNAs (miRNAs) are small, endogenous, non-coding RNAs involved in post-transcriptional regulation of gene expression (6) and are involved in cell growth, development, differentiation, proliferation and apoptosis (7) (8) (9) (10) . Recent studies have demonstrated that miRNAs play a critical role in tumorigenesis (11, 12) and are aberrantly expressed in different cancer types, including TSCC (13) (14) (15) (16) .
F-box and WD-40 domain protein 7 (FBXW7) is an E3 ubiquitin ligase that regulates the stability of many proteins, including cyclin E1, c-Myc, NOTCH1, c-Jun and Mcl-1 (17) (18) (19) . Mutations in FBXW7 usually disrupt 3 key residues in the substrate-binding domain and lead to increased stability of target proteins. Many of the FBXW7 targets are known oncogenes, thus these mutations could promote tumorigenesis through multiple pathways. Based on oncology, clinical and basic research, the reduced expression or loss of function of FBXW 7 has been frequently found in a variety of human cancers, with an overall mutation frequency of 6% (20) . Clinically, low expression of FBXW7 in human solid tumors such as glioma, colorectal cancer and gastric cancer is associated with a poor prognosis (21) (22) (23) (24) .
Upregulation of miR-24 has been observed in a number of cancers (25) (26) (27) , including OSCC (28, 29) . Our previous study demonstrated that frequent upregulation of miR-24 occurred in TSCC, and miR-24 induced cell survival and cisplatin resistance in vitro (29) . In the present study, we further found that miR-24 was associated with a shorter overall survival of miR-24 promotes the proliferation, migration and invasion in human tongue squamous cell carcinoma by targeting FBXW7 Cell transfection. Cell transfection with anti-miR-NC, anti-miR-24, si-NC or si-FBXW7 was conducted by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Specific miRNA-expression plasmids were created by PCR amplification of human genomic DNA fragments. The primers were: miR-24 sense, TGGAAGTTTGAGAGTTGAG CCG and antisense, ACCTTCAAACTCTCAACTCGGC. The PCR products (pre-miRNAs) were cloned into the pcDNA3.1/V5-His-TOPO expression vector (Invitrogen) and confirmed by DNA sequencing. The expression of miRNA was carried out by transfection of the plasmid into the cells using Lipofectamine 2000.
Cell proliferation assay. SCC15, SCC25 and Cal27 cells were seeded onto 96-well plates (2x10 4 cells/well), respectively. The cells were transfected with anti-miR-NC, anti-miR-24, miR-NC, miR-24, si-NC, si-FBXW7, empty vector, FBXW7 vector or cotransfected with the miR-24 and FBXW7 vectors, respectively. After 48 h, cell proliferation was analyzed using Cell Counting Kit-8 (CCK-8; Beyotime) according to the manufacturer's protocol.
Cell migration and invasion assays. SCC15, SCC25 and Cal27 cells were cultured and transfected with anti-miR-NC, anti-miR-24, miR-NC, miR-24, si-NC, si-FBXW7, empty vector, FBXW7 vector or co-transfected with miR-24 and FBXW7 vectors, respectively. Cell migration and invasion assays were performed by using Transwell chambers (Millipore, Billerica, MA, USA). Filters for the invasion assay were precoated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) in the upper compartment. Cells (5x10 5 ) were seeded in the upper compartment, and the lower compartment was filled with DMEM supplemented with 10% FBS. After 24 h of incubation, the migratory and invasive cells adherent to the undersurface of the filters were fixed, stained with crystal violet and four random fields were counted for each group.
Luciferase reporter assays. A FBXW7 3'UTR luciferase reporter was created. Briefly, complementary 48-mer DNA oligonucleotides containing the putative binding site of miR-24 were synthesized with flanking MluI and HindIII restriction enzyme digestion sites. The pmirGLO Dual-Luciferase miRNA Target expression vector (Promega, Madison, WI, USA; E1910 expressing both firefly and Renilla) was employed to construct the luciferase reporter vector. Double-stranded oligonucleotides corresponding to the wild-type (wt-3'UTR) or mutant (mu-3'UTR) miR-24 binding site in the FBXW7 3'UTR were synthesized (Sangon Biotech) and ligated between the XolI and Sbf I restriction sites of the reporter plasmid pmirGLO (Promega). The sequences of inserted fragments were confirmed by sequencing.
HEK293T cells were transfected with wild-type pmir-FBXW7-3'UTR or mutant pmir-FBXW7-3'UTR, and the Renilla luciferase control vector (pRL-TK; Promega) using Lipofectamine 2000, and then the cells were transfected with miR-NC or miR-24, respectively. Luciferase activities were measured at 24 h after transfection by using a dual-luciferase assay kit (E1330; Promega). Firefly luciferase activities were normalized to Renilla luciferase activities.
Western blot analysis. To isolate the proteins, cells harvested from 6-well plates were washed once in phosphate-buffered saline and lysed in lysis buffer. Protein lysates were separated on 10% Tris-glycine polyacrylamide gel and then transferred to a polyvinylidene fluoride (PVDF) membrane (Zhongshan Biotechnology Co. Ltd., Beijing, China). Then, the membrane was incubated with monoclonal antibodies against FBW7, c-Myc and c-Jun, followed by incubation with HRP (horseradish peroxidase)-labeled goat-anti-mouse IgG (Santa Cruz Biotechnology, Inc., TX, USA). β-actin was used as a protein loading control. The intensity of the protein was quantified with the quantity software LANE-1D analyzer (SmartGel; Sage Creation).
Statistical analysis. Data were analyzed using the Statistical Package for the Social Sciences (SPSS, Chicago, IL, USA), version 17.0. All values are presented as mean ± standard deviation (SD). One-way ANOVA and two-tail Student's t-test were used to analyze the results. A p-value <0.05 was considered to indicate statistical significance.
Results

miR-24 is significantly increased in TSCC tissues and cell lines and upregulation of miR-24 correlates with poor patient prognosis.
To detect whether there was any difference in the miR-24 expression level between TSCC tissues and adjacent non-tumor tissues, a total of 84 paired TSCC tissues and adjacent non-tumor tissue samples were subjected to qRT-PCR. Compared with the matched non-tumor tissues, the expression level of miR-24 was significantly increased in the TSCC tissues (Fig. 1A) . Furthermore, the association of miR-24 with clinicopathologic factors of the TSCC cases was examined. miR-24 overexpression was associated with advanced clinical stage (Fig. 1B) . Kaplan-Meier survival analysis showed that the overall survival of TSCC patients with high miR-24 expression was significantly shorter than that with low miR-24 expression (Fig. 1C) . In additional, miR-24 expression was significantly higher in six TSCC cell lines (UM1, UM2, Cal27, SCC1, SCC15 and SCC25) compared with that in the nontumorigenic cells (NHOK) (Fig. 1D) .
miR-24 regulates the proliferation, migration and invasion of TSCC cells in vitro.
To determine whether miR-24 promotes the proliferation, migration and invasion potential of TSCC cells, we carried out experiments using CCK-8, migration and invasion assays. Briefly, SCC15 and SCC25 cells were transfected with anti-miR-NC or anti-miR-24 for 24 h, and Cal27 cells were transfected with miR-NC or miR-24 for 24 h, followed by analysis of the proliferation, migration and invasion of the cells, respectively. The data showed that expression of miR-24 in the SCC15 and SCC25 cells transfected with antimiR-24 was significantly decreased by qRT-PCR ( Fig. 2A) , whereas expression of miR-24 was markedly increased in the Cal27 cells (Fig. 2E) . Furthermore, transfection of antimiR-24 significantly suppressed the proliferation, migration and invasion of the SCC15 and SCC25 cells compared to these parameters in the control group (Fig. 2B-D) , whereas miR-24 markedly enhanced the proliferation, migration and invasion of Cal27 cells (Fig. 2F-H) . Together, miR-24 regulates the proliferation, migration and invasion of TSCC cells.
FBXW7 is a direct target of miR-24 and is negatively regulated by miR-24.
To explore the molecular mechanism of miR-24 in TSCC, we searched for candidate target genes using bioinformatics algorithms of TargetScan. We focused on tumor-suppressor gene FBXW7, which has one potential miR-24 binding site within its 3'UTR.
To identify whether FBXW7 is a target of miR-24, we constructed vectors containing the wild-type 3'UTR or mutant 3'UTR of FBXW7 mRNA, which was individually fused directly downstream of the firefly luciferase gene (Fig. 3A) . For the luciferase assays, the wild-type or mutant vector was co-transfected into HEK293T cells with miR-NC or miR-24. Luciferase reporter assay showed that miR-24 could inhibit the luciferase activity of the wild-type 3'UTR of the FBXW7 reporter vector but not the mutant 3'UTR (Fig. 3B) . Furthermore, we confirmed that overexpression of miR-24 could decrease FBXW7 mRNA levels, whereas inhibition of miR-24 increased the FBXW7 mRNA levels (Fig. 3C) . Moreover, FBXW7 protein abundance was also negatively regulated by miR-24 (Fig. 3D) . Together, miR-24 downregulated FBXW7 expression by directly targeting the 3'UTR of FBXW7. 
miR-24 promotes TSCC cell growth and motility by targeting FBXW7.
To investigate the effect of FBXW7 on tumorigenicity, we designed experiments in which the SCC15 and SCC25 cells were transfected with si-NC, si-FBXW7, empty vector and FBXW7 vector. The results showed that the growth and motility of the SCC15 and SCC25 cells were markedly promoted or suppressed after transfection with si-FBXW7 or the FBXW7 vector, respectively (Fig. 4A-C) , suggesting that FBXW7 suppresses the proliferation, migration and invasion of TSCC cells. To further assess whether the effect of miR-24 on tumorigenicity was via targeting FBXW7, we carried out functional experiments. Briefly, the SCC15 and SCC25 cells were transfected with miR-NC, miR-24 or co-transfected with miR-24 and FBXW7. The growth and motility of the SCC15 and SCC25 cells were significantly enhanced after transfection with miR-24 compared with the control group, whereas the restoration of FBXW7 antagonized miR-24 in regards to the migration, invasion and proliferation (Fig. 4D-F) . Furthermore, western blotting showed that FBXW7 expression was markedly decreased in the TSCC cells after transfection with miR-24, and was restored when the TSCC cells were co-transfected with miR-24 and FBXW7, and subsequently inversely regulated its downstream targets c-Myc and c-Jun (Fig. 4G) . Together, these findings suggest that miR-24 promotes the proliferation, migration and invasion, at least partially by targeting FBXW7.
Discussion
The development of TSCC is a multistep process involving multiple factors. Great efforts have been made to understand the principles of molecular changes during the occurrence of this malignancy. To date, accumulating evidence demonstrates that multiple miRNAs are involved in TSCC development and progression (13, 15, 16) . miR-24 has been found to serve as an oncogene in several types of cancers, including breast carcinoma, glioma, oral carcinoma, acute myeloid leukemia and squamous cell carcinoma (30) (31) (32) (33) . Recently, it was reported that this miR-24 had a close association with TSCC (28, 29) , suggesting that it may serve as a potential biomarker for the diagnosis and prognosis of TSCC. However, the mechanism of miR-24 in TSCC is not entirely clear.
In our present study, we found that miR-24 was significantly overexpressed in human TSCC tissues and cell lines compared with the control groups, and that upregulation of miR-24 was associated with a shorter overall survival of TSCC patients. In agreement with our findings, previous reports have shown that miR-24 is overexpressed in many other solid tumors, and is related to tumor progression and prognosis. It is known that microRNAs function primarily by negatively regulating the expression of their target genes. And recent studies have demonstrated some specific targets of miR-24 in several tumors, such as the sex determining region Y (SRY)-box 7 (SOX7) (34), nuclear apoptosis-inducing factor 1 (NAIF1) (35) and dead end 1 (DND1) (14) . In addition, our previous study confirmed that miR-24 induced cell survival and cisplatin resistance primarily through targeting the PTEN/Akt pathway in TSCC cell lines (29) . We further confirmed that FBXW7 is a direct target of miR-24. And our functional analysis showed that miR-24-induced loss of FBXW7 enhanced TSCC cell proliferation, migration and invasion, and that miR-24 expression responds to alterations in the c-Myc and c-Jun protein levels, which were regulated by the FBXW7 pathway. These findings suggest that overexpression of miR-24 promotes the proliferation, migration and invasion of TSCC cells in vitro, possibly due to suppression of the function of FBXW7.
FBXW7 regulates the stability of several substrates, which are involved in the regulation of apoptosis and cell proliferation, such as c-Myc, cyclin E, Notch1 and Mcl-1 (17, (36) (37) (38) . In addition, accumulating evidence shows that FBXW7 plays critical roles in tumorigenesis. To date, there are a few agents known to activate FBXW7, such as miR-27, miR-92, miR-25 and miR-223 in several cancers (39) (40) (41) . Here, we confirmed that FBXW7 is a direct target of miR-24. Furthermore, a decrease in the expression of FBXW7 resulting from the overexpression of miR-24 gave rise to abnormal accumulation of c-Myc and c-Jun proteins. Our results suggest that miR-24 may exert its oncogenic function partially through elevating c-Myc and c-Jun expression. In addition, studies in mice show that FBXW7 inhibition eliminates CML by increasing Myc abundance (42) . Kurashige indicates that high expression of miR-223 had a significant adverse impact on the survival of ESCC patients through repression of the function of FBXW7 (43) . Taking these results together with our findings, we surmise that miR-24-induced loss of FBXW7 may be a promising treatment target for TSCC due to its ability to reduce the levels of several oncoproteins.
In summary, the present study indicated that deregulation of miR-24 is a frequent event in TSCC in vitro, and that miR-24 promoted the growth and motility of TSCC cell lines, at least partially by targeting FBXW7. We hope that our investigation can facilitate further exploration of the molecular mechanisms of miR-24 in TSCC. 81402392, 81502322) and the Tianjin Municipal Science and Technology Project (grant no. 15JCqNJC12800).
